Abstract: In this paper we introduce a new source of data to economic history: palynological data, i.e. information about pollen grains which are preserved in bottom sediments of various water basins. We discuss how this data is collected and how it should be interpreted; develop new methods for aggregating this information into regional trends in agricultural output; construct an extensive data set with a large number of pollen sites from Central Europe; and use our methods to study the economic history of Greater Poland, Lesser Poland, Bohemia, Brandenburg, and Lower Saxony since the first century AD. *
Introduction
Economic historians are often interested in studying the dynamics of human activity over the very long term.
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However, data about the past is inherently scarce, and many interesting questions, especially about the pre-modern era, cannot be answered.
As noted by Steckel (2013) , "economic historians are left with surviving scraps of evidence, often collected for other purposes"; they "cannot design or update a survey to gather more information"; they "cannot interview the deceased"; and they "are stuck with what was recorded, has survived, and is now housed in an accessible location". As a consequence, various researchers aim to collect and analyze data from non-standard sources which could serve as a proxy for human activity. For example, skeletal remains are now routinely used as a source of data about the evolution of human health (Steckel, 2003; Baten, 2005, 2008; Steckel, 2008 Steckel, , 2013 .
Other "biological measures of economic history", namely mortality rates, stature, and body mass index (BMI), are also used to study shorter time periods.
2
In this paper we introduce palynological data as an alternative "biological measure" which can also serve as a useful proxy for human activity. Various plants produce pollen grains and spores which are then accumulated in the bottom sediments of lakes and other water basins. Palynologists extract sediment cores from the floor of lakes, establish a chronology of layers of sediments, and count pollen grains of various plant taxa within each layer. Selected taxa -especially Cerealia (cereals) -are generally regarded as anthropogenic indicators, and variations in their relative presence can be interpreted as variations in human activity (Behre, 1981; Feeser and Furholt, 2013) . However, most of the palynological literature focuses on local phenomena (a single site or several sites in close proximity to one another) which are arguably of 1 Similar questions are also of interest to growth theorists. For example, Galor and Weil (2000) and Galor and Moav (2002) develop a unified growth theory which is intended to capture varying patterns of stagnation and growth over the entire course of human history. Related contributions include Goodfriend and McDermott (1995) , Acemoglu and Zilibotti (1997) , Kelly (2001) , Kögel and Prskawetz (2001) , Hansen and Prescott (2002) , and Lagerlöf (2003) . See, e.g., Voth and Leunig (1996) , Baten and Murray (2000) , Komlos et al. (2003) , Komlos (2007) , Baten et al. (2010) , Brainerd (2010) , and Austin et al. (2012) for recent applications.
limited interest to economic historians.
3 Therefore, we must develop new methods of aggregating palynological data into regional trends. Our methods take into account both the geographical distribution of pollen sites and the chronological distributions of core samples which can (and do) differ between these sites. Moreover, we use cross validation to determine the optimal structure of penalties for spatial distance and time distance. We then use our methods to study long-term variation in agricultural output in Central Europe during the last two millennia.
Our paper is thereby related to an important field of research in economic history which studies trends in agricultural production and productivity. Notable contributions to this field include Clark (1991) , O'Brien and Prados de la Escosura (1992), Allen (2000) , Olmstead and Rhode (2002) , Federico and Malanima (2004) , Allen (2009), Campbell and Ó Gráda (2011) , Kelly and Ó Gráda (2013) , and many others.
The advantage of our approach is that it significantly extends the timespan of analysis. While most of these previous studies are restricted to several centuries or less, our paper investigates regional trends in agricultural output in Greater Poland, Lesser Poland, Bohemia, Brandenburg, and Lower Saxony since the first century AD. The disadvantage of our data, however, is that it cannot be transformed into common measures of amount of land under cultivation and output per unit of land. On the contrary, this data is inherently relative, and is only suggestive of the relative importance of various plant taxa in the vegetation of a given region. Clearly, each source of data has its own limitations; our intention is therefore to increase the number of alternative sources which are available to economic historians.
The remainder of this paper is organized as follows. In the next section, we provide a short introduction to palynology, and discuss how palynological data is collected and how it should be interpreted. In Section 3, we develop new methods of aggregating To the best of our knowledge, there exists only one paper in the economic literature which analyzes palynological data. Namely, Hanley et al. (2009) study economic determinants of long-run biodiversity change, and they use pollen data to construct their measure of diversity. Therefore, they do not use pollen data to approximate actual human activity, while this is the approach which we take in this paper. such data into regional trends. In Section 4, we describe our data set. In Section 5,
we use our methods to analyze this data as well as discuss our findings. Finally, in Section 6, we offer some conclusions from our research.
Background
Nature has its own archive, in which information from its past is stored in the form of sediment which accumulates over millennia. Among these archives, lakes and marshes preserve material from the most recent periods. In particular, lakebed and peat sediments, accumulated every year, contain pollen grains produced by the surrounding vegetation. This pollen signal reflects the spatial structure of vegetation around a lake or marsh in a given period, and the radius which delineates the relevant area can vary from less than one kilometer to dozens of kilometers, depending on the plant in question (Sugita, 1993; Gaillard et al., 2008; Hellman et al., 2009 ). The task of palynology is to retrieve and analyze this material, so that one can reconstruct the past environment around a given site.
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The first step is to extract a core sample from a lakebed or peat accumulation.
Sediment cores of an appropriate length (often several meters) are brought to laboratories, where pollen samples for microscope analyses, and organic material for radiocarbon dating, are collected at regular intervals (usually a few centimeters).
Then, pollen grains from each sample are identified and counted, and this procedure results in creation of a data set with counts of pollen grains from different plants or plant groups. Each of these plants or plant groups is typically referred to as taxon (pl. taxa), since for some plants it is possible to identify the exact species while, in other cases, only a genus or family can be identified. Palynologists never count all the pollen grains in a sample, and usually restrict their attention to a subsample of 500-1,500 grains which is believed to provide representative information on the 4 A good introduction to palynology for historians is provided by Eastwood (2005) . See also methodological discussions in Vermoere (2004) and Izdebski (2013) .
proportions of pollen grains in a sample.
Such a data set has only an ordinal chronology which is based on the actual core depths of subsequent samples. However, there are several methods of constructing an absolute chronology for this data. Typically, radiocarbon dating is applied to organic material from a selection of core depths. Once these dates are known, it is possible to model the relationship between age and depth in a particular core and to extrapolate ages on depths for which there is no radiocarbon date, while taking into account the geological structure of the core (Björck and Wohlfarth, 2001 ). The changing relationship between depth and age is described by the accumulation rate, i.e. the amount of sediment that accumulates every year, and this value is almost never stable throughout the history of a core. The modeling also involves a transformation of original radiocarbon dates into calibrated ones (Reimer et al., 2009) , and the final result is an estimate of a calendar year for each sample.
The resulting data set contains information about pollen counts of various plant taxa in different years, and these dates are usually distributed in an irregular way, because sampling and laboratory analysis are never rigorously regular, and the accumulation rate also tends to vary over time. Importantly, pollen counts only become meaningful after their recalculation into their proportion in the pollen sum, i.e. the number of all pollen grains in a sample. Consequently, every interpretation of pollen profiles is concerned with the changing structure of the pollen signal which is informative about the structure of the vegetation around a given site. Recent research has examined the possibility of translating the changing proportions of plant taxa into exact measures of land cover Hellman et al., 2008; Fyfe et al., 2010) , although such inferences are typically regarded as too extreme. Of course, this does not mean that the changing proportions of plant pollen in sediment cores do not reflect the transformations of land cover -on the contrary, recent studies on contemporary pollen dispersal confirm that this information is contained in the pollen signal (Andrade et al., 1994; Díaz, 1994; Vermoere et al., 2001; Favre et al., 2008) .
Thus, at present, any interpretation should focus on the changes in proportion of those pollen grains which represent the plant taxa of interest, when and how quickly they increase or decrease, and how long they remain stable. Moreover, interpretations of pollen profiles require considerable knowledge of how different plants produce pollen and how it is distributed, as well as the ecological 'habits' of these plants, in particular their relationship with human activity (Behre, 1981) . In this paper, because of our interest in agricultural output, we focus solely on cereals, and examine how their share in the vegetation of entire regions has changed since the beginning of the European Middle Ages. From this period onward, cereals are certainly the clearest and most reliable indicator of human activity in the landscape, together with forest clearance and pasturing. However, while these two phenomena are visible in pollen profiles, their interpretation is much more complex and less certain, as they would, with the exception of very specific cases, normally appear in conjunction with cereal cultivation. In consequence, we focus on pollen grains which represent wheat, rye, barley, oats, and a separate category of Cerealia-type, i.e. those pollen grains that certainly belong to cereals, but where the state of preservation does not allow for attribution to any specific species. Importantly, we do not consider millet, since its pollen is undistinguishable from pollen of other plants of the genus of Panicum.
Method

Framework and Notation
Let there be m sites, indexed by k = 1, 2, . . . , m, and n plant taxa, indexed by j = 1, 2, . . . , n. Also, let Ω = {1, 2, . . . , m}. Each site k ∈ Ω is represented by:
. . , t kn k ) which represent dates on which measurements were carried out at site k. Series T k consists of n k 1 elements which can vary across k. Moreover, measurement dates do not have to overlap across sites.
(ii) A matrix of measurements Z k where z k (i, j), the (i, j)-th element of Z k , is equal to the fraction of j-type pollen grains in the overall number of pollen grains at site k, Also, let there be w regions and let the q-th region include ω q ⊂ Ω, a subset of available sites. Let T = (T min , T min + 1, T min + 2, . . . , T max ) and i = 1, 2, . . . , T max − T min + 1. Series T represents our time periods of inference which are common for all sites. Define our goal to be the construction of matrices X q , q = 1, 2, . . . , w, such that x q (i, j) is an estimate of the fraction of j-type pollen grains in the overall number of pollen grains in region ω q , as measured on date T (i).
Our procedure now consists of three steps: interpolation, smoothing, and aggregation. In the first step, for each site k, we interpolate missing measurements in Z k . Let
where n k is the number of measurements which are available at site k. Then, missing measurements correspond to time periods T k \ T k , and we interpolate them, for each site k and each taxon j, using a linear spline function with data points located in (T k (i), z k (i, j)), i = 1, 2, . . . , n k . Therefore, in this step, for each site k, we obtain measurements for all t ∈T k . Let these
In the second step, measurements inz
T are smoothed using a low-pass filter, i.e. a filter which erases high-frequency fluctuations from the time series, as they can be attributed to random noise and errors in physical measurement. We smooth independently across k and j, i.e. across sites and taxa, in order to obtain the smoothed measurement series,ž k (j). More specifically, we use the Hodrick-Prescott filter, which setsž k (j) as a minimizer of the following function (Hodrick and Prescott, 1997) : 2, . . . , n) . Let the resulting measurement matrix be denoted byZ k (which is |T | × n for each k, where |T | = T max − T min + 1).
In the third step, for each region ω q , these measurements are aggregated into regional trends. We develop three aggregation methods which we describe in subsequent subsections. These methods differ in the degree to which they incorporate additional spatial and time information which is entirely omitted by the simplest approach.
Simple Aggregation
Let x q (j) denote the j-th column of X q . For each region ω q , vectors x q (j), j = 1, 2, . . . , n, are constructed according to the following procedure:
Incorporating Spatial Information
In the previous subsection, for each region ω q , there is a single matrix X q which is assumed to represent inferred pollen fractions for various plant taxa in the region as a whole. Now we want to relax this assumption and utilize spatial information which is contained in pairs of coordinates of respective sites. In particular, we assume that information which is relevant for inference at any given location is a function of the distance between this location and the pollen site, from which the information originates. A similar approach is typical for gravity models of trade in economics where the intensity of trade between two countries varies inversely with the distance between them (Anderson, 1979; Anderson and van Wincoop, 2003) .
Such an extension allows for inference at any location which is described by a pair of coordinates (x, y), so that the matrix X q is a function of these coordinates,
In particular, we can define a set of pairs of coordinates C q which defines q in a spatial sense. Then, for each region ω q , we can construct a spatial map {X q (x, y) : (x, y) ∈ C q } of this region. Such a map not only describes how the distribution of pollen fractions for various plant taxa changes over time, but also how these fractions are distributed spatially across the region ω q for a given t ∈ T .
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In our applications we restrict our attention to describing each region ω q by a single pair of coordinates, C q = {(x q , y q )}, and we assume these coordinates to be representative for q. Then, X q = X q (x q , y q ) represents, as before, pollen fractions for various plant taxa in region ω q . In particular, we first describe each region ω q by a set of four vertices, Θ q = {(x qr , y qr ), r = 1, 2, 3, 4}, i.e. we define q to be a quadrangle.
Then, we assume that coordinates (x q , y q ), which ultimately represent region ω q , are
given by geometric centers of the quadrangle Θ q , namely we assign the same mass to
Note that our concept of spatial maps is very closely related to isopollen maps in palynology. See, e.g., Webb (1974) , Ralska-Jasiewiczowa (1983) , Ralska-Jasiewiczowa et al. (2004) , and Feeser and Furholt (2013) .
Let x q (j), as previously, denote the j-th column of X q . For each region ω q , vectors
x q (j), j = 1, 2, . . . , n, are constructed according to the following procedure:
where weights w k sum to one, are corrected with quality indexes q k , and contain spatial information such that, controlling for quality, i.e. for q k ,
q,k where ρ q,k is the Euclidean distance between location of region ω q , which is given by (x q , y q ), and of site k, which is given by its spatial coordinates. Note that α 0 is a free parameter. If α = 0, then the current procedure is equivalent to the previous one.
Incorporating Spatial and Time Information
In this subsection we extend the spatial approach so that it also takes into account the fact that time periods for which measurements are available at site k, i.e. time periods in T k , neither overlap across the sites (i.e. across k), nor are uniformly distributed over
Moreover, their intersection with T can be arbitrary.
As a consequence, when inference about x q (i, j) is made for a given region ω q on the basis of measurements inz k (i, j), k ∈ ω q , some of the information from these measurements is more relevant than the other, depending on the time distance of T (i) from measurements which are closest to
to the spatial case, here we use a notion of time distance, ψ i,k , where:
is equal to the minimal number of years between T (i) and T k , i.e. between the date in which x q (i, j) is to be estimated and any date in which some measurement was originally available for site k. For each region ω q , elements x q (i, j) of vectors x q (j), j = 1, 2, . . . , n, are constructed according to the following procedure:
where weights w i,k sum to one, are corrected with quality indexes q k , and contain spatial information such that, controlling for quality and time distance,
as well as, controlling for quality and spatial distance,
i,k where α 0 and β 0 are free parameters. More specifically, we assume that:
where θ ∈ [0, 1] is a free parameter.
Also, note that the current procedure is equivalent to the previous one if θ = 0.
On the other hand, if θ = 1, then spatial information is neglected and we only use information about time distances. The latter approach, however, seems less appealing a priori, since the purpose of using the information on time differences between various measurements is only to adjust spatial relations for the fact that information in respective measurements is more or less outdated from the perspective of T (i).
Cross Validation
Parameters α, β, and θ are arbitrary and their proper selection constitutes a problem of model calibration. We use cross validation to select these parameters, so that they minimize in-sample prediction errors for available data points. This subsection describes our calibration strategy.
For each site k, we have appropriate measurements inZ k . We analyze, one by one, all sites which are available, k ∈ Ω, and we use our methods to predict corresponding measurements, at each k, using all the information in ω q \ {k}. Then, we compare these predicted values, X k , with actual ones,Z k . The error matrix,
produces the root-mean-square error (RMSE) of prediction:
where |T | = T max − T min + 1 and tr is a trace operator. We obtain µ k for each k and compute the resulting total RMSE:
Note that µ = µ(α, β, θ), i.e. the total RMSE, is a function of α, β, and θ. In consequence, we minimize the total RMSE over these parameters. 
Data
In this section we describe our data set, which contains all pollen sites from Central Europe with reliable information on human activity in the last two millennia. We have used two criteria for including pollen sites to this data set: (i) that a given site provides data for cereals; and (ii) that the chronology of the last two millennia can be based on varve years or radiocarbon dating. In most cases, we have retrieved these data either from the European Pollen Database (Fyfe et al., 2009) or from the PALYCZ database (Kuneš et al., 2009 ) which gathers information on pollen sites in the Czech Republic and Slovakia.
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The resulting data set consists of 36 pollen sites which we group in five regions (see Table 1 ).
Clearly, it is essential to ensure the chronological reliability of such data. To accomplish this goal, instead of relying on the original age-depth models for our pollen
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We use a grid search and consider the following values for the respective three parameters: α = 0, 0. 25, 0.5, . . . , 3.75, 4; β = 0, 0.25, 0.5, . . . , 3.75, 4; and θ = 0, 0.125, 0.25, . . . , 0.875, 1. 15, 2014) . Note that we provide further details on these new age-depth models in our companion paper (Izdebski et al., 2014) . The Central European regions for which we have conducted our analyses are not those of our choice, but rather they have been determined by the availability of palynological data for Germany, Poland, the Czech Republic, Slovakia, Ukraine, Belarus, Lithuania, Latvia, and Estonia. In our view, it would not be reasonable to conduct aggregations without data for at least 4-5 pollen sites. This rule of thumb has allowed us to identify five clusters of pollen sites, two in Poland, one in the Czech Republic, and two in Germany (see Figure 1 and Table 2 ). Two of these regions (C and D) can be described as reflecting a coherent historical-geographical region, while others represent only parts of such regions (both regions in Poland, A and B) or are subject to an imbalanced spatial distribution of pollen sites (region E in Germany).
Thus, the two clusters of pollen sites in Poland are located in the most important historical regions of the Polish state: Greater (A) and Lesser (B) Poland. The part of Greater Poland covered by our pollen sites is consistent with the area where the Polish state was established in the tenth century and which retained its economic -and, to some extent, political -importance until modern times. On the contrary, the southern areas of Lesser Poland were just a remote hinterland of Krakow and Lesser Poland proper, and it was around Krakow that processes parallel to those in Greater Poland were taking place in the Middle Ages. Region C corresponds entirely to historical Bohemia, the central region around the Czech capital of Prague; on the other hand, region D, which can be identified with Brandenburg, did not play such a central role within the German world. Nevertheless, at the turn of the eleventh century, the processes of state formation seem to have started here as well, and -after the integration of the region into the German Reich in the twelfth-thirteenth century -the area demarcated as region D remained a separate entity within the German world, with its own political and cultural history. Finally, region E can be considered to represent modern Lower Saxony, the territories conquered by Charlemagne in the late eighth century which formed a separate and distinct region from the Rhine area to the south-west. In our data set, unfortunately, this region is represented primarily by pollen sites grouped in its northernmost part (in Frisia), with some additional sites in the Harz. Nevertheless, our results for this region are interesting enough to merit their inclusion in our historical interpretations.
Results
Introductory Remarks
Our historical interpretations are generally based on the most advanced aggregation method, which we describe in Section 3.4. This method takes into account not only the chronological quality of pollen sites and their geographical distribution, but also the chronological distribution of pollen samples in sediment cores. This last aspect is very important with regard to the specificity of our data. Before conducting the aggregation itself, the data is transformed into a time series with non-missing observations for every calendar year. This interpolation results in losing the initial information on time periods for which we have actual observations. By weighting our pollen sites by their time distance from each time period, we attempt to reintroduce this valuable information.
In order to investigate the economic-agrarian histories of particular regions, we present our reconstructions as cumulative diagrams of various types of cereals. In this way, we can show the changing structure of the agricultural output of each region. We need to bear in mind, however, that our data does not contain information Agnihotri and Singh (1975) ; for Germany, see Pohl (1937) ; for Poland, see Piotrowska (2008) .
about millet, a cereal regarded as particularly important during the earlier part of the Middle Ages (Marinval, 1992; Ruas, 1992; Austin, 2006) . Additionally, as discussed in Section 2, this data needs to be interpreted with caution. If a given cereal is represented as a higher proportion of pollen grains than some other cereal in a given time period, it does not necessarily mean that the former cereal was cultivated in larger absolute volumes than the latter; such differences can be attributed to variation in the production and distribution of pollen across various types of cereals (Hellman et al., 2009 ). For example, rye produces at least four times as much pollen as any other cereal. Consequently, proportions of various cereals on cumulative diagrams can be seriously distorted. We may achieve some degree of visual correction by weighting our estimated proportions of each cereal type by its pollen productivity, but unfortunately there is only one study, to the best of our knowledge, which offers information on pollen productivity of all relevant cereal types, and it uses data from Uttar Pradesh in India (Agnihotri and Singh, 1975) . In Table 3 , we present these estimates of pollen productivity, together with additional data on the pollen productivity of rye from Germany (Pohl, 1937) and Poland (Piotrowska, 2008) . We use the estimates from Agnihotri and Singh (1975) to correct inferred pollen fractions in our cumulative diagrams. These diagrams still do not provide a direct assessment of the actual structure of the agricultural output in a given time period; nevertheless, they do give a more reliable indication of these proportions and the directions in which they were changing.
With the help of these corrected cumulative diagrams we are able to present an interpretation of our reconstruction of regional trends in agricultural output. When necessary, diagrams with trends of single cereal types are also presented. The following discussion focuses on three periods of major economic developments in Central
Europe: the dawn of the Middle Ages, the climax of medieval societies and, finally, the early modern transformation of European economies. Our main interest is in pointing out the differences between the five regions, from the East to the West.
There is now no doubt that, by the end of the early modern period, major differences can be observed in the economic development between Western European countries and the rest of the continent; there was also a significant divergence within Central
Europe itself (Kula, 1976; van Zanden, 2009 ), which can be compared to the Great Divergence between Europe and other economic systems of the world, such as China or Japan (Pomeranz, 2000; Allen, 2009 and Lower Saxony, we may add new evidence to the discussion on the origins of the economic differences between various parts of Europe.
The Beginnings of the Agrarian Economies of Central Europe
Archaeological research leaves no doubt that Central Europe has been inhabited for several millennia and that, throughout this period, its populations gradually attained more and more complex levels of material culture and economic life. Nonetheless, it was only after the turbulent centuries of the Hunnish invasions and the disintegration of the Roman Empire (fifth-sixth century AD) that a new world began to emerge (Dembińska, 1965; Kaczanowski and Parczewski, 2005) . This watershed between the earlier periods and the Central European economic landscape that continued well into the Industrial Age is also visible in our results. Our data set covers only the last two millennia, yet even the results obtained for this period show that regional agrarian economies in the first five-to-six hundred years, although characterized by some fluctuations that might be explained by archaeological information, were different in nature to the structures that appeared at the dawn of the medieval era.
Thus, on all five diagrams (Figures 2-6 ) it is possible to identify the moment when the 'current' agrarian economy began.
10
What is striking is the fact that in all
Note that none of these figures includes any information about how the vertical axes are scaled. This is because our data cannot be interpreted in any absolute terms, and therefore we remove these scales to avoid confusion. but also in terms of the scale of changes and the structure of cereal production. In
Greater Poland, there is a long period of intensive growth that begins in the first decades of the sixth century AD (after 500) and continues at the same pace until the middle of the tenth century. The starting point of this trend is visible not only in the accelerated growth of the cumulative curve of cereals, but also in the appearance of a new cereal, barley. Rye was to become another very important cereal type in this period, and it remained so until the end of the early modern period. Its proportional values started rising slowly even before the sixth century, but it is from this moment onward that its expansion becomes particularly intensive. Interestingly, whereas rye seems to play a significant role in the rapid expansion of Greater Poland's agrarian economy until its stabilization in the tenth century, other cereals appear to have had specific periods of expansion. Thus, the appearance and growth of barley's share in the structure of cereals characterized the first phase of the early medieval agrarian expansion in Greater Poland, whereas wheat and oats can be considered the cereals of the second phase. The latter were introduced from the ninth century onward, which is also the period during which the values of wheat started to rise. The entire era of the accelerated early medieval growth comes to a halt in the first half of the tenth century, exactly before the Piast dynasty -based in this very region -managed to create a permanent polity that later became the Polish state (Buko, 2006) . The coincidence of these events leads to two important observations. On one hand, the formation of state structures clearly followed a long period of intensive economic growth; on the other, these political processes took place exactly at the time when the region's economy experienced transition to a proper medieval form, characterized by markedly different trends.
The mountainous hinterland of Lesser Poland offers a good comparison for the pattern of growth visible in Greater Poland (intensive economic growth followed by stabilization relating to the formation of a state), as it presents a totally different scenario. No visible growth takes place before the tenth and eleventh centuries, and this is not surprising given both the peripheral location of the area within the early medieval political-economic networks, as well as its unattractiveness in comparison to the lowland areas of Lesser Poland that were gradually settled throughout the early medieval period (Buko, 2006) . Interestingly, the structure of this relatively small agrarian economy -which seems to have developed as a result of growth in the tenth and eleventh centuries -was dominated by wheat and oats, the two cereals that started to gain in importance in Greater Poland during the second phase of early medieval expansion. Surprisingly, the key cereal of Greater Poland -rye -seems to be uncultivated in the mountains of Lesser Poland during the early Middle Ages, although it was introduced to the region a few centuries later. This late appearance of agrarian activity in the form of wheat and oat cultivation, however, is parallel to the second stage of Greater Poland's agrarian development in the early medieval era, and suggests the adoption of similar agricultural strategies by populations which came to the region after this type of agrarian economy had proved successful elsewhere.
As we move further south from Greater Poland, to Bohemia, the differences become even more striking. The medieval economy seems to start in the ninth century, with a slight growth in wheat values. Rye appears as late as the middle of the tenth century, which is also when wheat stops its increase and enters a period of stability lasting more than a century. The early tenth century is the moment when the Přemyslid dynasty formed its state in Bohemia (Matla-Kozłowska, 2008). It seems, however, that while the development of complex political structures quickly stabilized the production of wheat, it prompted the introduction of new cultivars -rye and, even more importantly, barley -that, in a short time, transformed the relatively small-scale early medieval agrarian economy based on wheat and oats.
The beginnings of the agrarian economy in Brandenburg, on the contrary, seem to have followed the scenario we have already witnessed in Greater Poland. After a slight increase in rye and barley around the sixth century -synchronous with the beginning of the early medieval economic expansion in Greater Poland -the crucial period of growth starts towards the end of the ninth century, and continues well into the eleventh. As in Greater Poland, the two key cereals for this period are rye and barley.
Another parallel is the chronological relationship of the first agrarian expansion and the appearance of stronger political structures. Although some Slavic polities formed in this region in the tenth century, and again in the eleventh, they did not -for various reasons, including the proximity of the powerful German marches -succeed in developing lasting structures that would transform this region into the heartland of a real state (Strzelczyk, 2002) . A state was only formed as late as the first half of the twelfth century, with the creation of the march of Brandenburg (Helbig, 1973; Strzelczyk, 1975) , and it is exactly around 1125 AD that the rapid early medieval expansion slowed down. The phenomenon of pre-state economic growth is also visible, though much earlier, further West in Lower Saxony. Its scale is not as impressive as in the two other regions of the Middle European Plain, Brandenburg and Greater Poland; nevertheless, there is no doubt that, between the sixth and eighth centuries, a new agrarian structure developed, based -as elsewhere -on rye and barley. In this case its stabilization also seems to correlate with the introduction of complex political structures in this region, which occurred in the late eighth century when
Charlemagne conquered this part of Europe (Kahl, 1982) .
In four out of the five analyzed regions, the early Middle Ages were a period of substantial economic growth which laid the foundations for the agrarian economies of Central Europe. The only real exception, the mountainous hinterlands of Lesser Poland, followed a different path of economic development due to its peripheral location. One may, of course, observe important differences between the various regional scenarios. First of all, in each region the period of early medieval economic expansion can be dated to different centuries. However, in all three of the regions located on the Middle European Plain, the first sign of growth is visible in the sixth century; the final ending dates have to do with political processes, which do not seem to have been directly related to economic changes in the case of all three regions. Secondly, when compared with later agrarian developments, the scale of early medieval developments varies from one region to another. Most importantly, however, the early medieval economic expansion was taking place when the society had not yet formed any complex political structures. Economic growth preceded the formation of state, and the appearance of strong centers of power -either from within or from outside -coincided with some sort of stabilization: the pace of agrarian expansion slowed down and the structure of cereal production started to change.
The Medieval Developments
The gradual appearance of state structures in the Central European regions led to several important changes in the conditions of economic life. First, the states introduced their systems of tax extraction, often favoring one type of economic activity over another (Lübke, 1991; Modzelewski, 2000; Gawlas, 2000; Klápště, 2012) . Second, regional economies became increasingly integrated into the pan-European socioeconomic system, with its flows of settlers, ideas, and goods. All of these processes are reflected in the agrarian output of our regions, and it is thus worth investigating the changing structures of cereal production, as well as the chronology and potential historical contexts of peaks and falls in both the cumulative cereal curve and individual cereals. This subsection will, therefore, explore when and how the medieval agrarian economies of Central Europe achieved their climactic point, as well as the ramifications of their late medieval crisis, if they experienced it at all.
The emergence of a state in Greater Poland did not stop the expansion of the agrarian economy. What is most characteristic for this period, however, is not the growth itself, but the continued transformation of the structure of cereal production. The tenth and eleventh centuries saw a decrease in the importance of rye, and agrarian expansion was sustained by increased production of wheat and oats. Values of rye rose slightly in the twelfth century. The climactic point is reached relatively early, at the end of the twelfth century, while the transformation of social and legal structures within the countryside of Greater Poland continued throughout the thirteenth century (Wyszkowski, 2009 ). This would suggest that the region's agrarian growth was sustained by local resources and, in particular, by its own population who cultivated new cereal fields in the agricultural land still available and, at the same time, diversified its cultivation strategies. Interestingly, there is no sign of the influence of German settlement on Greater Poland's agrarian output. This accords with the written sources which suggest that this phenomenon was not as strong in this part of Poland as it was in the south. The later Middle Ages were a period of considerable contraction, especially in the production of wheat (see Figure 7) . Since the population of Greater Poland did not suffer from the Black Death, explanations of this late medieval crisis should be sought elsewhere. If one focuses more closely on the very area in which the majority of Greater Poland's pollen sites are located, one may discover that a key factor contributing to the late medieval crisis was warfare.
The worst period of crisis coincides with the decades of wars between the Teutonic order and Polish kings. The eastern part of Greater Poland was very close to both Pomerania and Kuyavia, the regions in which most of the warfare took place (Biskup, 1993) . The wars ended in 1466, and it was soon afterward that the period of early modern agrarian growth began.
In the southern part of Lesser Poland, the Middle Ages witnessed a slow but stable growth in the values of rye as well as a period in the twelfth-thirteenth centuries where the presence of barley increased at the expense of oats. However, these were minor developments compared to the enormous agrarian expansion that started in the fifteenth century, and accelerated during the early modern period. In comparison with the economic fluctuations in Greater Poland, the mountainous hinterlands of Lesser Poland remained a complete periphery; this situation started to change only at the very end of the Middle Ages, when large waves of new settlers arrived in the area (Podraza, 1970) . By contrast, agrarian production in the heartlands of the Czech Kingdom, located around its capital of Prague, expanded rapidly from the eleventh until the fourteenth centuries, throughout the period in which the Czech state flourished and became the leading political power in Central Europe. It is worth noting that, unlike in Greater Poland, it was barley and wheat rather than rye that played the key role in the growth of cereal production; the importance of these cereals is further confirmed by the fact that, during the same period, the Czech church collected tithe in barley and wheat (Cosmas, 1955) . The crisis clearly starts with the Black Death, and is reflected by a drop in the values of barley, rye and oats. The shock of the plague in the midfourteenth century was followed, in the fifteenth century, by several decades of internal unrest caused by the Hussite wars (Šmahel, 2002) . At the same time, while the overall cereal production was shrinking, its structure was gradually changing: whereas the crisis resulted in substantial drops in the values of barley, oats and rye, wheat did not experience any drop and thus its importance was steadily growing. The medieval developments in Brandenburg were closer to Greater Poland's final stage of medieval growth than to the huge expansion of agriculture that was taking place in the heart of the Czech Kingdom. Agrarian growth continued after the creation of the March of Brandenburg, but on a much reduced scale. This would suggest that the landscape was substantially transformed in the preceding period, and the region's agrarian economy may have already been close to achieving the limits of its expansion. The German political institutions were thus built in a region that was already relatively well-developed in terms of its agrarian production -its society and economy were certainly not created ex nihilo. As in other areas of Central Europe, the eleventh to the thirteenth centuries were a period of important structural transformations, specifically a gradual rise in the importance of barley and wheat at the expense of rye. As in Bohemia, the crisis coincides with the Black Death. In addition to a sudden drop in the region's population, there was also a decrease in the demand for cereal production in the Netherlands, which suffered greatly from the pandemic and stopped importing large amounts of grain from Central Europe for more than a century (Hoffmann, 1989) .
What happened in Lower Saxony, to the west of Brandenburg, was completely different. First, there is no sign that the Black Death had any influence on cereal production, which reinforces the argument that the disappearance of the export opportunities, rather than local demographic problems, brought about the late medieval crisis in Brandenburg. Second, while one may observe sustained growth in cereal production -as well as the increased importance of wheat -between the tenth and the fourteenth centuries, the major change did not occur until the fifteenth century. It was during this time -and not a century later, as in Poland or Brandenburg -that the transition to modernity began, and this rapid growth in agrarian output lasted until the first decades of the seventeenth century.
While early medieval developments were, despite some chronological differences, roughly the same across Central Europe, the later part of the medieval period -in particular the last two centuries of the Middle Ages -saw the emergence of economic divergence between the regions located to the East and the West of the Elbe. Three of the regions located to the East -Greater Poland, Bohemia, and Brandenburgwent through a severe late medieval crisis in agrarian production; however the data from Lower Saxony does not show any signs of crisis during the same period (if anything, the fourteenth century saw a decrease in barley). Moreover, a period of accelerated growth had already started in the West when the three other Central
European economies had not even started to recover from the late medieval crisis.
The Transition to Modernity
The divergence between East and West grew even more pronounced in the early modern period, although all five regions experienced significant agrarian expansion in the sixteenth century. In Greater Poland, trends in agricultural production reversed after the late medieval crisis. Indeed, the second major phase in the transformation of the region's landscape -comparable to what happened in the early medieval periodoccurred between the sixteenth and eighteenth centuries. It was the development of an early modern manor economy, aimed at exporting grain to the Netherlands and other western markets, that brought about these changes (Kula, 1976) . The importance of the export market as the key incentive for agrarian growth is evident in the structure of Greater Poland's early modern cereal production. Until the eighteenth century, rye achieves values that are incomparably higher than those of other cereals;
by contrast the values of wheat actually decrease in the sixteenth and seventeenth centuries. The structure of Poland's grain export going through Gdańsk, and then the Danish customs at the strait of Sound, is exactly the same: from the beginning it was dominated by rye (Bang, 1933 (Bang, , 1945 Biernat, 1962; Narojczyk, 2007) . Even when the volume of grain export started to decrease in the seventeenth century, the new agrarian structure was maintained and even sustained further expansion.
In Lesser Poland, the sixteenth to eighteenth centuries were the period when the region's mountainous hinterlands were colonized (Podraza, 1970) . The enormous expansion of cereal production leaves no doubt in this respect: more and more land was used for cultivation, and the landscape of Lesser Poland was completely transformed.
There are also similarities between the two Polish regions in terms of the structure of cereal production although, in Lesser Poland, rye and wheat followed synchronous paths of rapid growth, while in Greater Poland, wheat started to increase two centuries later.
In Bohemia and Brandenburg, barley was responsible for the early modern growth, while wheat retained or improved its position in comparison to other cereals. It is worth noting, however, that while the early modern growth in Brandenburg starts right at the beginning of the sixteenth century -and is thus synchronous with similar developments in Poland -in Bohemia the period of growth started a few decades later, which suggests that the region was still slowly recovering from the crisis of the Hussite wars, and perhaps suffered from political instability caused by the Turkish conquest of Hungary.
The fate of Lower Saxony was clearly different. Growth that had started in the fifteenth century stopped in the early seventeenth century, which saw a continued fall in the values of rye and barley, in addition to a stagnation in wheat production.
Again, this illustrates the influence of warfare on agrarian output, as this is the period when the Thirty Years' War caused huge damage and population loss across northern Germany (Rabb, 1962) . Agrarian growth reappeared in the later seventeenth century, although this time it was restricted to wheat, whose values continued to grow at least until the end of the nineteenth century.
Apart from providing new evidence and illustrating regional economic histories, our results also show the emergence of different types of divergence within Central
Europe. Thus, reducing the interpretation of these agrarian developments solely to the East-West dichotomy ignores considerable differences between the four economies located to the east of the Elbe. The transformation of Poland's economy into a system dominated by export is clearly visible in pollen data from Greater and Lesser
Poland. Agrarian transformation on such a huge scale, however, did not take place in Brandenburg or Bohemia, which is not surprising given the fact that the same export opportunities were not at work in these regions. Thus, apart from the divergence between the West (represented here only by Lower Saxony) and the East, we have another divergence -between Poland (or rather, the economic system of the PolishLithuanian Commonwealth) and the rest of Central Europe. Apart from the scale of the early modern growth, the two Polish regions also differ from Bohemia and Brandenburg in the structure of their cereal production. Whereas, in all four regions, rye was the key cereal of the Middle Ages -in particular of the first, early medieval expansion -in Bohemia and Brandenburg its values had stabilized by the late Middle Ages; in Poland, however, rye was the cereal that drove the second, early modern phase of agrarian expansion, and wheat only started gaining in importance as late as the eighteenth century. Given the fact that environmental differences do not overlap with this 'cereal divergence', explanations should be sought elsewhere than just in ecological factors.
Summary
In this paper we have introduced palynological data as an alternative "biological measure" which can serve as a useful proxy for human activity. Palynologists routinely collect and analyze data about proportions of pollen grains of various plant taxa which are preserved in the bottom sediments of various water basins. This information allows them to study local histories in the neighborhood of a given site. In this paper we have taken this approach one step further and developed new methods to aggregate this local data intro regional trends. We have then collected a large data set of 36 pollen sites in Central Europe and used our methods to investigate longterm variation in agricultural output in Greater Poland, Lesser Poland, Bohemia, Brandenburg, and Lower Saxony since the first century AD, distinguishing between trends in the relative presence of barley, oats, rye, and wheat.
This analysis enables us to provide an interesting historical interpretation of the economic history of Central Europe. We demonstrate how in all our regions -except for the peripheral mountainous hinterland of Lesser Poland -agrarian economies went through initial phases of medieval development in similar ways, until the formation of state structures brought about a degree of stability. In the later part of the Middle Ages, however, the first structural differences between the East and the West started to occur. While the period of rapid 'early modern' growth had already started in Lower Saxony by the fifteenth century, that same century saw the culmination of late medieval decline in agricultural output in Brandenburg, Greater
Poland, and Bohemia. The early modern period saw further structural differentiation among the agrarian economies of Central Europe. In both regions located in the Polish-Lithuanian Commonwealth, Greater and Lesser Poland, large-scale agrarian expansion (primarily in rye) started in the sixteenth century and continued for the next two centuries. Bohemia and Brandenburg, although they also experienced some early modern growth, did not undergo structural transformation on a scale comparable to the processes that took place in Poland. In this way, our results prove capable of not only providing reconstructions of regional agrarian histories over the very long term, but also of tracing the agricultural origins of modern economic divergences within Central Europe.
